Influence of off-stoichiometry on magnetoresistance characteristics of Co 2 MnSi/Ag-based current-perpendicular-to-plane spin valves Spintronic devices, which exploit spin-dependent electron transport phenomena, have attracted much interest because of their potential advantages of nonvolatility, decreased power consumption, and reconfigurable logic function capabilities. 1, 2 Co-based Heusler alloys (Co 2 YZ, where Y is usually a transition metal and Z is a main group element) are promising ferromagnetic electrode materials for spintronic devices, including magnetic tunnel junctions (MTJs), [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] current-perpendicularto-plane (CPP) giant magnetoresistance (GMR) devices, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] and for spin injection into semiconductors. [29] [30] [31] [32] [33] This is because many of them are theoretically predicted to have halfmetallicity, which is characterized by an energy gap for one spin direction, which in turn provides complete spin polarization at the Fermi level (E F ), [34] [35] [36] [37] and because they have relatively high Curie temperatures, well above room temperature (RT). 38 To take full advantage of the half-metallic character of Co-based Heusler alloys, it is important to clarify the effect of structural defects on the half-metallicity. Picozzi et al. theoretically predicted that Co Mn antisites, where a Mn site is replaced by Co, in Co 2 MnSi (CMS) cause minority-spin in-gap states at E F and thus are detrimental to the half-metallicity of CMS. 39 We have systematically investigated the effect of off-stoichiometry on the half-metallicity of CMS, Co 2 MnGe, and Co 2 (Mn,Fe)Si (CMFS) by using various experimental approaches, including the tunneling magnetoresistance (TMR) ratios of MTJs, [7] [8] [9] [10] 14, 15 the saturation magnetization, 10, 15 the surface spin polarization, 40 the magnetic states as investigated by x-ray absorption spectroscopy and x-ray magnetic circular dichroism, [41] [42] [43] and the electronic states as investigated through spin-resolved low-energy and hard x-ray photoelectron spectroscopy. [44] [45] [46] The purpose of the present study was to clarify the influence of off-stoichiometry in CMS films on the MR characteristics of CPP spin valves. To do this, we fabricated CPP-GMR devices with an exchange-biased spin-valve structure having CMS electrodes with various Mn compositions, a, and an Ag spacer and systematically investigated the influence of a on the MR characteristics. We prepared these CPP spin valves with ultrathin Co 50 Fe 50 (CoFe) thin layers inserted at the upper and lower interfaces in the CMS/Ag/CMS trilayer.
The fabricated CPP-spin-valve layer structures were as follows: (from the substrate side) MgO buffer (10 nm inserted at the interfaces. We first investigated the effect of inserting ultrathin CoFe layers at the interfaces in the CMS/Ag/CMS trilayer on the MR ratio, aiming at enhancing it. To do this, we prepared the CPP spin valves with a ¼ 1.24, corresponding to a slightly (Mn þ Si)-rich composition in Co 2 Mn a Si 0.82 electrodes, by varying t CoFe from 0 to 1.1 nm (series-A spin valves). Given the result that t CoFe of 1.1 nm provided the highest MR ratio in series-A spin valves as described below, we then investigated the influence of offstoichiometry on the MR characteristics by varying a in Co 2 Mn a Si 0.82 electrodes ranging from a ¼ 0.62 to 1.45 while fixing the value of t CoFe (¼1.1 nm) (series-B spin valves). Each layer was successively deposited in an ultrahigh vacuum chamber with a base pressure of about 5 Â 10 À8 Pa. Epitaxial growth of each layer was confirmed by making in-situ reflection high-energy electron diffraction (RHEED) observations. The procedure of preparing the CMS electrodes was the same as for the CMS/MgO MTJs. 7, 9 The film composition of the prepared CMS film was determined through an inductively coupled plasma analysis with an accuracy of 2%-3% for each element, except for Si, for which the accuracy was 5%. Just after the deposition of the CMS upper electrodes, the layer structure was in situ annealed at 500 C for series-A spin valves and at 550 C for series-B spin valves both for 15 min. The post-deposition annealing temperature (T a ) for series-B spin valves was optimized to be 550 C by investigating the T a dependence of the MR ratio for the CPP spin valves with a ¼ 1.12 and t CoFe ¼ 1.1 nm. We fabricated CPP spin valves with these layer structures by electron beam lithography and Ar ion milling. The sizes of the prepared junctions were determined by scanning electron microscopy observations for nanostructured pillars, which were ones just after the Ar ion milling conducted using a resist mask. The junction sizes reported in this letter are the actual measured values. The MR characteristics are reported for spin valves having relatively small junction sizes of 140 Â 75 and 100 Â 50 nm. The parasitic contact resistance values R c were determined by plotting the junction resistances R P at 290 K as a function of A À1 for the prepared junctions having relatively large junction sizes ranging from 525 Â 320 to 140 Â 75 nm, where A is the junction area. After fabrication, the devices were annealed ex situ at 325 C under a magnetic field of 5 kOe to apply an exchange bias effect to the upper electrode. The MR characteristics were investigated using a dc fourprobe method from 4.2 K to 290 K. We defined the MR ratio as (R AP À R P )/(R P À R c ), which is the experimental MR ratio corrected for the influence of R c , where R P and R AP are the junction resistances for the parallel and antiparallel magnetization configurations between the upper and lower electrodes.
First, we describe the effect of inserting the ultrathin CoFe layers at the interfaces in the CMS/Ag/CMS trilayer on the MR ratio. Figure 1( (3) spin valve. The MR ratio of 12.5% for the original a ¼ 1.24 CMS/Ag/CMS spin valve without the inserted layers was significantly higher than the 5.5% for the identically prepared CoFe/Ag/CoFe spin valve, indicating that the spin polarization of the a ¼ 1.24 CMS electrodes as spin sources in the original CMS/Ag/CMS spin valves was distinctly higher than that of the CoFe electrodes in the reference CoFe/Ag/CoFe spin valve. Notably, the MR ratio of CMS/Ag/CMS spin valves was enhanced by inserting ultrathin CoFe layers at the interfaces and increased with an increase in t CoFe up to 0.56 and 1.1 nm, resulting in a significantly enhanced MR ratio of 17.7% for t CoFe of 1.1 nm compared with that of 12.5% for the original a ¼ 1.24 CMS/Ag/CMS. It is obvious that the CMS electrodes worked as spin sources in CoFe-inserted CMS/Ag/CMS because of the distinctly lower MR ratio of the CoFe/Ag/CoFe spin valve compared with the original CMS/Ag/CMS. Thus, the enhancement of the MR ratio caused by inserting ultrathin CoFe layers should be ascribed to the interface modification, although further study is needed to clarify the origin. Similar enhancement of the MR ratio due to inserting ultrathin CoFe layers was reported previously in Co 2 Mn(Ga 0.5 Sn 0.5 )/Ag-based pseudo spin valves. 21 We now describe how the MR characteristics of series-B spin valves [CMS/CoFe (1.1 nm)/Ag/CoFe (1.1)/CMS] depended on a in Co 2 Mn a Si 0.82 electrodes. A typical MR curve at 290 K for a series-B spin valve with Mn-rich (a ¼ 1.45) CMS electrodes is shown in Fig. 2(a) . The junction area A was 100 Â 50 nm Figure 3(a) shows typical temperature (T) dependences of R AP and R P for a series-B spin valve with a ¼ 1.45. Furthermore, Fig. 3(b) shows the T dependence of the measured MR ratios, defined as (R AP À R P )/R P , in which the influence of R c is not corrected, of series-B spin valves with a ¼ 0.62, 1.0, and 1.45 (we describe the measured MR ratio as the MR ratio regarding its T dependence). As shown in Fig. 3(a) , R P decreased almost monotonically with decreasing T from 290 K to 4.2 K. On the other hand, R AP decreased slightly with decreasing T for a T range from 290 K to a certain temperature, T M , of about 220 K for the a ¼ 1.45 spin valve, and then it decreased rapidly for a T range below T M . This behavior resulted in that the MR ratio of the a ¼ 1.45 spin valve increased with decreasing T in a T range from 290 K to T M while it quickly decreased with decreasing T for a T range from T M of 220 K to about 100 K [ Fig. 3(b) ] due to the significant decrease in R AP .
The increase in the MR ratio as decreasing T from 290 K to T M of 220 K is as would be expected from spin-dependent transport in GMR devices. In more detail, an increase in the spin polarization of the CMS electrodes and decreasing spinflip transport via thermally excited magnons in spin-valve trilayers with decreasing T lead to a decrease in R P and an increase in R AP as T decreases, while a decrease in the resistivities of the metallic layers involved in the nanopillar, including the Ru cap layer to the CMS lower electrode, with decreasing T due to the suppression of phonon scattering leads to a decrease in both R P and R AP . These factors lead to a more weak decrease in R AP as T decreases compared with R P for the T range from 290 K to T M .
On the other hand, the quick decrease in the MR ratio below T M is unusual. An anomalous decrease in the MR ratio was previously reported for CMS/Ag/CMS spin valves and pseudo spin valves 20, 22, 23 and CMFS/Ag/CMFS pseudo spin valves, 24 and two possible origins, both of which are related to Mn diffusion from CMS into the Ag spacer, were proposed: One is the presence of a bi-quadratic interlayer exchange coupling between the upper and lower CMS via diffused Mn; 22 the second is formation of a spin-glass state of diffused Mn, resulting in a reduction in the spin diffusion length of the Ag spacer. 23 As shown in Fig. 3(b) , the characteristic temperature T M [indicated by arrows in Fig. 3(b) ] increased with increasing a, resulting in the extension of the range in which the anomalous temperature dependence of the MR ratio was observed, as a increased. This result suggests possible origins related to Mn diffusion into the Ag spacer, as discussed in Refs. 22 and 23. Now let us discuss the influence of off-stoichiometry for Co 2 MnSi films on the MR characteristics. In general, the MR ratio of CPP spin valves depends on not only the bulk spin asymmetry coefficient b of a ferromagnet (equivalent to the spin polarization at E F ) but also several other factors such as the interface spin asymmetry coefficient c, the interface resistance per area (r b ), and the resistivity (q) and spin diffusion length (l sf ) of each layer. 47 For series-B spin valves, the interfacial structure between the ferromagnet and the Ag spacer was fixed by inserting an ultrathin CoFe layer 
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Inoue et al. Appl. Phys. Lett. 111, 082403 (2017) at both interfaces. Then, it could be assumed that c and r b are constant against a change in the Mn composition. On the other hand, b would increase with increasing a, which has been demonstrated in the various experiments and firstprinciples calculations, including ones on the giant TMR ratios in CMS/MgO-based MTJs, 7-10 as described in the introduction. Moreover, q for the CMS also increased with increasing a, as shown in Fig. 2(c) . The intrinsic MR ratio, (MR ratio) int , of a CPP GMR nanopillar is given by
where (R P ÁA) int is the intrinsic resistance-area product of an F/N/F nanopillar for the parallel magnetization configuration. According to the Valet-Fert model, 47 DRÁA for t N ( l sf (N) and t F ) l sf (F) is given by
and (R P ÁA) int is given by
where r SI (AP) and r SI (P) are the interface resistances per area arising from the spin accumulation for the parallel and antiparallel configurations, q F (q N ) and t F (t N ) are the resistivity and the thickness for the ferromagnetic electrode (the normal metal spacer), and r SI (P) for r b < q N t N is given by r SI (P)
Because the term of 2q F t F for the Co 2 MnSi electrodes is much larger than that of q N t N for the Ag spacer and by assuming an r b smaller than q N t N , it is suggested that the dominant term in Eq. (3) is 2q F t F . Similarly, the first term in Eq. (2) is the dominant term for DRÁA because r b is much smaller than q F l sf (F) if r b is smaller than q N t N. (q N t N for the Ag spacer is much smaller than q F l sf (F) for the Co 2 MnSi electrodes). Accordingly, the above equations (1) to (3) indicate that the intrinsic MR ratio is independent of q F and increases with increasing b.
Next, we consider the influence of the external resistance, R ext , involved in a nanopillar on the MR ratio. Although we subtracted the parasitic resistance outside the nanopillar, R c , from R P , R P À R c still contains R ext arising from the IrMn and Ru layers involved in the nanopillar. The experimental MR ratio, (MR ratio) exp , in this study is thus expressed as
As shown in Eq. (4), (MR ratio) exp is lower than (MR ratio) int by a factor f equal to (R P ÁA) int /{(R P ÁA) int þ R ext ÁA} due to (R ext ÁA) involved in f. Note that the factor f increases with increasing q F because of the q F t F term in (R P ÁA) int [Eq. (3)] for a constant value of R ext . This would result in an increase in (MR ratio) exp because of the extrinsic origin. Although a quantitative evaluation of this extrinsic effect on the increase in the (MR ratio) exp is difficult at present because R ext has not been separated, a rough estimate indicated that the extrinsic effect due to the increased f was not enough to explain the increase in the (MR ratio) exp with increasing a. These considerations also indicate that the increase in b with increasing Mn composition played a significant role in increasing the MR ratio. In summary, we fabricated CPP spin valves having CMS electrodes and investigated the influence of the Mn composition a in Co 2 Mn a Si 0.82 electrodes on the magnetoresistance characteristics. The MR ratio significantly increased from 11.4% to 20.7% at 290 K with increasing a from 0.62 to 1.45. This result suggests a continuous increase in the bulk spin polarization with increasing a from a Mn-deficient to Mn-rich one. We thus demonstrated that appropriately controlling the film composition toward a Mn-rich one is highly effective for enhancing the half-metallicity of CMS in CMS-based spin valves as it is in MTJs.
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